Proanthocyanidin (PAC) consumption has been linked to better colonic health, but PACs are poorly absorbed, making them a target for colonic metabolism. The resulting metabolites are low molecular weight and could potentially be absorbed. To understand the effects of dietary PACs it would be important to resolve the metabolic issue and link these changes to microbial population changes in a suitable model for human digestion. Here, six crossbred female pigs were fed a diet containing 1% (w/w) of MegaNatural® Gold grape seed extract (GSE) daily for 6 days. Fecal samples were analyzed by normal phase LC coupled to fluorescence detection and LC-MS/ToF. DNA was extracted from pig fecal samples and the V3/V4 region of the 16S rRNA gene was sequenced using an Illumina MiSeq. Intact parent PACs (dimer-pentamer) were observed in the feces on days 3 and 6 at similar high levels ($400 mg kg À1 total) during ingestion of GSE but were absent 48 h post-feeding. The major phenolic metabolites were 4-hydroxyphenylvaleric acid and 3-hydroxybenzoic acid which increased by $30 and 3 mg kg respectively. The GSE diet also caused an ecological shift in the microbiome, dramatically increasing Lachnospiraceae, Clostridales, Lactobacillus and Ruminococcacceae. The relationship between dietary PACs and colon health may be attributable to the altered bacterial populations or phenolic compounds in the colon.
Introduction
Grape seed extract (GSE) contains proanthocyanidins (PACs) which consists of oligomers and polymers of monomeric unit avan-3-ols (À)-epicatechin or (+)-catechins, (including the gallated forms). PACs are one of the most abundant polyphenols in human diets and are one of the least-absorbed polyphenols mostly due to their size and structure complexity. This characteristic is the major limitation for their absorption through the gut barrier, but they may exert a local benecial effect on the colon and can regulate cell signaling pathways by interacting with cell membrane proteins.
1,2 Moreover, animal and in vitro studies suggest that diets rich in PACs may explain the protective effects of fruits and vegetables on colon cancer.
There is no consensus on the absorption and metabolism of PACs thus far, although colon is regarded as an important biotransformation site by the gut microbiota.
It has been estimated that more than 90% of ingested polyphenols are not absorbed in the small intestine and thus, remain in the colon at high concentration. 3 In the colon, the unabsorbed oligomeric and polymeric PACs are extensively metabolized by gut microbiota to produce smaller phenolic acids including hydroxybenzoic acid, hydroxyphenylacetic acid, hydroxyphenylpropinoic acid, hyrdroxyphenylvaleric acid or hydroxycinnamic acids, with hydroxylation mostly occurring at meta position. 1, 4 These metabolites can be absorbed and may be conjugated in the liver before being excreted in urine. Due to the low absorption of intact PACs in the human colon, microbial metabolism is likely to play a major role in colonic health and thus the identication of microbial metabolites should be explored further.
In a previous study using a rat model, 5 it was found that a total of 11% of parent PAC compounds were still present in the feces, suggesting that PACs undergo extensive but incomplete transformation during the transit through the gastrointestinal tract by the gut microbiota, providing the opportunity to directly and indirectly affect gut physiology. The intestinal tract contains the largest number of immune cells in the body and the gut microbiota operates in a delicate balance with this immune system. 6 Therefore, the gut microbiota plays a key role in the health and well-being of the human host. A better understanding of microbial communities in the colon is crucial in developing a greater understanding of the connection between the gut microbiota and the metabolism of PACs by the gastrointestinal microbiota. Only a few studies so far have investigated the inuence of PACs on the gut microbiota composition. [7] [8] [9] To date, no study has characterized the gut bacterial populations aer a PACs-rich diet using Illumina sequencing in pigs. This sequencing method provides unprecedented measures of microbial community diversity and massively parallel genus-level measurements that allow for ne-scale characterization of the microbial community. In conjunction with analyses of the gut bacterial communities, the use of a highly sensitive analytical tool is essential for identi-cation and quantication of PACs metabolites. High-accurate mass measurement mass spectrometry techniques, like MS/ ToF, have demonstrated to be a reliable tool for the identica-tion of known and unknown compounds in complex matrices.
10
Here, the metabolism of PACs and their microbial-derived phenolic metabolites were investigated, as well as changes in the gut microbiome, using a pig model which has a gastrointestinal tract reported to be similar to human.
11 This study will provide a detailed description of the gut metabolites of PACs in feces, and an analysis of the resulting changes in microbial populations, leading to a better understanding of how polyphenols could impact colonic health.
Experimental

Chemicals
5-(4-Hydroxyphenyl)pentanoic acid (4-hydroxyphenylvaleric acid) was obtained from Alfa Aesar (Ward Hill, MA), 3-(3-hydroxyphenyl)propionic acid was purchased from Lancaster Synthesis, Inc. (Pelham, NH), 3,4-dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid, 4-hydroxybenzoic acid were obtained from Acros Organics (Asheville, NC). Ferulic acid was obtained from Calbiochem (Billerica, MA), hydroxyphenylpropionic acid, 3,4-dihydroxyphenylpropionic acid, 3-methoxy-4-hydroxyphenylacetic acid (homovanillic), 4-hydroxyphenylacetic acid, mcoumaric acid, p-coumaric acid, caffeic acid, gallic acid, benzoic acid, hippuric acid, methyl hippuric acid, protocatechuic acid, vanillic acid, 3-hydroxybenzoic acid, 4-hydroxyhippuric acid, 3-hydroxyhippuric acid, 3,6-dimethoxybenzoic acid, (À)-epicatechin (EC), (+)-catechin (CT) and taxifolin were purchased from Sigma Aldrich (St Louis, MO). 5-Phenylvaleric acid, syringic acid, protocatechuic acid-4-glucuronide, protocatechuic acid-3-glucuronide, vanillic acid-4-glucuronide, vanillic acid-3-glucuronide, 4-hydroxybenzoic acid-glucuronide, protocatechuic acid-sulfate, vanillic acid-4-sulfate and 4-hydroxybenzoic acid-sulfate were kindly provided by Dr Colin Kay from University of East Anglia, UK. Water was prepared with a Mili Q system to 18 MU resistance (Billerica, MA). All solvents used for sample extraction and chromatography analysis and 0.22 mm syringe lters were obtained from Fisher Scientic (Houston, TX). C18 Sep-Pak cartridges (500 mg) were obtained from Waters (Milford, MA). MegaNatural® Gold Grape seed extract was kindly donated by Polyphenolics Inc. (Madera, CA) and contains 91.9% of total phenolics (w/w) as gallic acids equivalent via the Folin Ciocalteau analysis.
Animals and treatments
The protocol for pigs and treatments were conducted in accordance with the ILAR Guide for the Care and Use of Laboratory Animals, with approval from the University of California Davis Institutional Animal Care and Use Committee (Protocol #:17257). Six crossbred female pigs weighing (130-150) kg were kept in their standard shared pen throughout the experiment. The animals were fed a standard diet (2 kg per day) composed mostly of corn and soy, neither of which contain PACs, along with nutritional supplements. The treatment diet was the control diet supplemented with 1% w/w Grape Seed Extract (GSE). The pigs were fed with standard diet for 3 days, and then the animals were fed the treatment diet for a period of 6 days, followed by 3 days of post treatment control-feeding. Feces samples were freshly collected daily during their feeding. The feces were put on ice and stored at À80
C within an hour of collection.
Sample preparation and extraction
Feces samples were thawed, weighed and extracted using SPE as described previously with slight modication. 5 Briey, for determination of intact parent PACs and microbial phenolic acid metabolites in feces, 3 mL of 50% aqueous MeOH with 1% (v/v) formic acid and 100 mL of 1 mM ascorbic acid was added to 0.1 g feces. The mixture was homogenized with a glass rod, sonicated for 5 min, vortexed and centrifuged for 10 min at 4200 Â g, 4 C in a refrigerated Eppendorf centrifuge 5804 R. The supernatant was collected and the extraction procedure was repeated. The combined supernatant was evaporated to dryness under gentle stream of N 2 at 35 C and reconstituted with 1 mL of 1% (v/v) formic acid in water. Sep-Pak C18 cartridges were conditioned with 5 mL of 100% MeOH followed by 5 mL of 1% (v/v) formic acid in water. Taxifolin and 3,5-dimethylbenzoic acid at 5 mg mL À1 each as internal standards (IS) was spiked in 1 mL of sample of the extract and was loaded into the cartridges. The cartridges were then washed with 5 mL of 2% aqueous MeOH with 1% (v/v) formic acid and eluted with 5 mL of MeOH. The eluate was evaporated to dryness under N 2 at 35 C. The dried extracts were reconstituted with 500 mL 0.1% (v/v) formic acid in water.
Analysis of intact parent PACs
Feces samples were thawed, weighed and extracted using SPE as described previously with slight modication. 5 Briey, separations were conducted on an Agilent HPLC 1100 series (Agilent Technologies, CA) equipped with an autosampler, binary pump, column heater, and diode array (DAD) and uorescence (FLD) detectors. The column used was Develosil diol 100 (250 mm Â 4.6 mm i.d., 5 mm) from Phenomenex (Torrance, CA). The binary mobile phase consisted of (A) acetonitrile-acetic acid (98 : 2, v/ v) and (B) methanol-water-acetic acid (95 : 3 : 2, v/v/v). The elution was performed as follows: 0 min, 7% B; 3 min, 7% B; 50 min, 37.6% B; 53 min, 100% B and hold for 7 min, 66 min, 7% B followed by 10 min of re-equilibration of the column. The UV detection was set to monitor from 200 nm to 400 nm. Fluorescence detection (FLD) was conducted with an excitation and emission wavelengths at 231 nm and 320 nm, respectively. The ow rate and injection volume were 1 mL min À1 and 15 mL respectively, with a total analysis time of 76 min. The concentration of intact parent PACs in feces is expressed as (À)-epicatechin equivalents.
Analysis of microbial phenolic metabolites
The analysis of microbial derived phenolic acid metabolites was carried out on a Perkin Elmer Flexar HPLC. The analytical column used was a Phenomenex Kinetex PFP Column (4.6 Â 100 mm, 2.6 mm particle size) (Torrance, CA), operating at 40 C at a ow rate of 0.3 mL min À1 and the mobile phases consisted of (A) water-formic acid (99.9 : 0.1, v/v) and (B) acetonitrileformic acid (99.9 : 0.1, v/v). The separation was performed using the gradient elution program: 0 min, 2% B; 12 min, 20% B; 17 min, 50% B; hold for 3 min at 100% B, followed by 5 min of reequilibration of the column before the next run. The injection volume was 10 mL. The HPLC system was coupled to a AxION® 2 ToF Mass Spectrometer equipped with an ESI interface operating in negative ion trap pulse mode. Mass spectrometer parameters were: ight tube: 10 kV; trap pulse mode: 100-450 m/z; IG exit low (D7): 18 ms, trap pulse delay (D8): 28 ms; capillary exit voltage: À80 V; drying gas heater: 350 C; drying gas ow: 15 L min À1 ; and nebulizing gas pressure: 80 PSI. N 2 was used as drying gas. Standard curves were prepared at six different concentration levels (0.04-50 mg mL À1 ) for quantitation of phenolic metabolites in feces of the compounds listed in Table 1 . Identication of conjugated microbial phenolic metabolites, including protocatechuic acid-4-glucuronide, protocatechuic acid-3-glucuronide, vanillic acid-4-glucuronide, vanillic acid-3-glucuronide, 4-hydroxybenzoic acid-glucuronide, protocatechuic acid-sulfate, vanillic acid-4-sulfate and 4-hydroxybenzoic acid-sulfate was also performed by comparing the retention time with authentic standard using LC-MS/ToF.
DNA fecal extraction
Pig fecal microbiota was assessed via culture-independent barcoded next generation sequencing (NGS). DNA from pig fecal samples was extracted according to established protocols via Zymo Research Fecal DNA Miniprep™ (Irvine, CA). Mixedtemplate amplicons were amplied from these fecal DNA extracts using the F515-R806 (V4) segment of the 16S rRNA gene modied to contain an adapter region for sequencing on the Illumina MiSeq platform, and a unique barcode sequence to enable multiplexing of all samples into a single sequencing run. 12 Sequencing was performed on the Illumina MiSeq platform with a sequencing depth of $10 000 raw reads per sample (top 99.99% of the microbiota).
Sequence analysis
Raw Illumina fastq les were demultiplexed, quality-ltered, and analyzed using QIIME 1.8.0, 13 as described previously.
14 Alpha diversity rarefactions were calculated by observed species diversity estimates and compared using a two sample t-test. Individual samples were raried based on alpha-diversity estimates, to ensure even sequencing depth for diversity and relative abundance measurements. Beta diversity metrics were calculated using weighted discrete UNIFRAC estimates and collapsed to 3D principal coordinate analysis (PCoA) plots for visualization of bacterial communities. Signicant associations between phenolic end products and specic operational taxonomic unit (OTUs) were calculated by linear regression analysis in Graph Pad Prism 6. Signicant changes in OTU relative abundance were calculated using g-test in the QIIME package, and treatment means are shown. Network analyses were visualized in Cytoscape 3.0.2. 
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Statistical methods
Statistical analysis was performed using IBM SPSS Statistics version 17.0 Mann-Whitney test for unrelated samples was performed to compare changes in feces concentration between treatment days. Statistical tests were two-tailed and the significance level was considered as (p < 0.05).
Results
Extraction recovery of phenolic acids
To assess method accuracy, feces were spiked at different concentrations with the following compounds: 4-hydroxyphenylacetic acid (4-HPA), 3-hydroxyphenylacetic acid (3-HPA), 3,4-dihydroxyphenylacetic acid (3,4-diHPA), 3,4-dihydroxyphenylpropionic acid (3,4-diHPPA), 3-hydroxyphenylpropionic acid (3-HPPA), 4-hydroxyphenylvaleric acid (4-HPVA), 5-phenylvaleric acid (5-PVA), m-coumaric acid (m-CA), p-coumaric acid (p-CA), caffeic acid (CA), ferulic acid (FA), 4-hydroxybenzoic acid (4-HBA), 3-hydroxybenzoic acid (3-HBA), hippuric acid (HA), 4-hydroxyhippuric acid (4-HHip), methyl-hippuric acid (mehip), protocatechui acid (PCA), homovanillic acid (HVA), vanillic acid (VA), syringic acid (SA), (À)-epicatechin (EC) and (+)-catechin (CT). Analyses were performed in triplicates in two concentrations, low and high. Briey, the above compounds were pooled into a solution and spiked into baseline feces. Ascorbic acid (1 mM) was added to the samples to prevent oxidation during extraction. The feces were extracted as described in methods. Table 1 showed the recovery expressed as the mean value AE SD (%), LOD and LOQ for each compound. The recovery for the phenolic metabolites ranged from 64 to 110%.
Limits of detection, quantication of phenolic acids
The instrumental limits of detection (LOD) and limit of quantication (LOQ) for the ToF analysis were calculated based on signal to noise ratio of 3 (S/N $ 3) and 10 Â S/N respectively. The LODs varied between 0.001 (me-HA) to 0.681 mg kg À1 (HVA) and generally <0.120 mg kg À1 for most phenolic acid metabolites.
Similarly, LOQs varied between 0.006 to 4 mg kg À1 .
Analysis of intact parent PACs
Our results show that PACs oligomers (dimer-pentamer) were absent at baseline, but then present in feces aer 3 days and remain constant aer 6 days of GSE intake. The maximum increase of total fecal concentration of PACs oligomers (441 AE 15 mg kg À1 ) were observed aer 3 days of GSE administration, in which the highest contributors were trimers (117.2 AE 22.3 mg kg À1 ) and the lowest were dimers (100.6 AE 7.6 mg kg
À1
). The concentration of PACs oligomers in feces (dimer-pentamer) showed signicant differences between baseline and following 3 days and 6 days of GSE consumption, showing that these oligomeric forms are not absorbed completely and could be targets for metabolism by the gut microbiota. In the 72 h post feeding samples, PACs (dimers-pentamers) were not observed in feces, indicating that these polar compounds are eliminated rapidly from the GI tract.
Analysis of parent PAC monomers and microbial phenolic metabolites
The selected LC parameters using a PFP column allowed separation of 21 phenolic metabolites and further peak conrma-tion by MS/ToF. The list of avan-3-ols monomer and phenolic acid standards with their recoveries, spike levels and theoretical masses are presented in Table 1 . From the LC-MS/ToF analysis, intact monomers at day 3 of GSE intake were detected and quantied, substances absent in baseline samples. The fecal concentration of monomer (À)-epicatechin and (+)-catechin increased 8.17 AE 2.89 mg kg À1 and 5.46 AE 1.71 mg kg À1 (p < 0.05) aer 3 days consuming GSE and the excretion remained stable during the GSE intervention period. A total of 11 phenolic metabolites were identied in the feces following 24 h consumption of GSE and most of the phenolics were already present at baseline feces. The most abundant microbial phenolic metabolites were 4-hydroxyphenylvaleric acid (4-HPVA) and 3-hydroxybenzoic acid (3-HBA). Additionally, other phenolic metabolites were also detected in pig feces: Fig. 2 Rarefaction curves graphing within-sample (Alpha) Chao1 diversity of pig fecal bacterial populations. Red, orange, and blue curves are shown for samples that are before, during, and after (respectively) GSE treatment. Pig feed was also sampled (green curve). 3-hydroxyphenyl acetic acid (3-HPA), 4-hydroxyphenylacetic acid (4-HPA), 3,4-dihydroxyphenylpropionic acid (3,4-diHPP), 4-hydroxybenzoic acid (4-HBA), syringic acid (SA), protocatechuic acid (PCA), caffeic acid (CA) and hippuric acid (HA) ( Table 2) . However, some phenolic metabolites including 3,4-dihydroxyphenylacetic acid (3,4-diHPA), 3-hydroxyphenylpropionic acid (3-HPPA), 5-phenylvaleric acid (5-PVA), p-coumaric acid (p-CA), ferulic acid (FA), gallic acid (GA), 4-hydroxyhippuric acid (4-HHip), homovanillic acid (HVA) and methyl hippuric acid (meHip) were not detected in any of the feces. In general, of those 11 phenolic acids metabolites detected during the GSE intervention period, only 4-HPVA and 3-HBA showed a statistical increment compare to baseline (p < 0.05). Fig. 1 shows the extracted ion chromatogram (EIC) of 4-hydroxyphenylvaleric acid in blank feces and in pig feces collected at day 1 of GSE intake.
The maximum total fecal concentration of microbial phenolic metabolites was 73.4 AE 9.92 mg kg À1 observed aer 3 days of GSE administration, in which the highest contributor was 4-HPVA (34.8 AE 15.1 mg kg À1 ) while the lowest was m-CA (0.015 AE 0.004 mg kg À1 ).
Moreover, conjugated microbial metabolites such as protocatechuic acid-4-glucuronide, protocatechuic acid-3-glucuronide, vanillic acid-4-glucuronide, vanillic acid-3-glucuronide, 4-hydroxybenzoic glucuronide, protocatechuic acid-sulfate, vanillic acid-4-sulfate and 4-hydroxybenzoic acid-sulfate were not found in feces. It has been described elsewhere that conjugated metabolites of EC and microbial derived phenolic metabolites including 3,4-dihydroxyphenylpropionic acidsulfate and 3-or 4-hydroxybenzoic acid-sulfate were observed previously in feces of rats 24 h aer ingesting a phenolic-rich dietary ber mix. 16 However, differences in the gut microbiota of rats compared to pigs may explain why these metabolites were not detected.
Microbial community analyses
Raried samples were compared by alpha diversity estimates by observed species (Fig. 2) . No difference in overall diversity based on treatment (baseline, GSE intervention and post-feeding period) were observed when evenly sampled (p ¼ 1). Principal coordinate analysis (PCoA) was used to visualize relationships among samples and in a three-dimensional space. PCoA is an ordination method similar to principal component analysis (PCA) but it uses distance metric instead of covariances. PCoA plots variance of the data long orthogonal axes or principal components. For bacterial population, samples appeared to show the greatest discrimination as a function of time, with the before and aer intervention showing the greatest difference (Fig. 3A) , while animals consuming GSE, during treatment, shows a transition state between these two (Fig. 3B) . Similar comparisons by individual animal were evenly distributed throughout the same space (gure not shown).
Relationships between phenolic breakdown products measured on day 0, 3, 5, 8, and 10 were correlated with the sequencing results from cognate fecal samples (Fig. 4) , showing an association of a core group of taxa which are associated with increased phenolic breakdown products. Among these products and taxa, the strongest correlations were found between Bido-bacteriaceae and Comamonadaceae and PCA (r 2 ¼ 0.6732, 0.5887, respectively). Interestingly, these taxa did not show signicant increases in relative abundance during feeding (data not shown), instead the Lachnospiraceae, Unclassied Clostridales, Lactobacillus, and Ruminococcus operational taxonomic units (OTUs) were found to signicantly increase (p < 0.05) during feeding, relative to before and aer the GSE intervention (Fig. 5 ).
Discussion
To our knowledge, this is the rst study that has identied the intact parent PACs and their microbial phenolic metabolites in feces and shows that a PACs-rich diet modulates the gut bacteria population aer ingestion of GSE. When investigating the bioavailability of polyphenols, most studies are focused on the analysis of plasma or urine 11, [17] [18] [19] and few in feces.
20-22
In this study, the monomer (À)-epicatechin and (+)-catechin and PACs oligomers (dimer-pentamer) were detected in feces on day 3 aer ingestion of GSE. It was continued through day 6, and was absent in 48 h post-feeding fecal samples. These ndings indicate that the monomers and parent PACs oligomers were not completely absorbed and consequently present in the gastrointestinal tract for at least 72 h during gastric transit before excretion in feces. Similar results were demonstrated by Jimenez-Ramsey et al., 1994, 23 albeit in chickens, in which monomeric and oligomeric PACs are partially absorbed in the intestinal tract while the polymeric PACs are detected in the feces. The PACs compounds detected in feces, which have been in contact with the colonic epithelium cells, may exhibit benecial direct activities in the gut including anti-inamma-tory 24 and anti-tumor 25 properties. Inhibition of TNFa-induced NF-kB activation occurred at about 20 mg L À1 of dimer in model system, 26 but that is about 1/5 the amount observed here for each compound. Such data may shed light on recent epidemiological data showing that increased consumption of a PAC-rich diet is linked to decrease risk of colorectal cancer (CRC).
27,28
It has been reported elsewhere that direct absorption through the gut barrier may not be required for PACs to protect the gut epithelium from oxidative stress or carcinogens. 29 It is also important to note that there are neither PACs oligomers nor polymers observed in baseline feces and their presence is due to intake of GSE PACs. The potential health benets and bioavailability of these partially absorbed PACs may thus be explained by microbial metabolism, that lead to colonic degradation products, such as phenolic acids and valerolactones. While numerous in vivo studies have showed the presence of microbial derived phenolic metabolites in urine aer intake of PACs-rich diets, few have addressed fecal content. Some of the principal microbial metabolites found in urine include mono-and di-hydroxyphenylpropionic acids and phenylacetic acids, as well as hydroxyhippuric acids.
30
The major microbial phenolic metabolites identied and quantied aer ingestion of GSE were 4-HPVA and 3-HBA. Other phenolic metabolites were also detected but at much lower concentrations, including 3-HPA, 4-HPA, 3,4-diHPP, 4-HBA, SA, PCA, CA and HA. Our ndings are in accordance with others, who also detected hydroxylated phenolic acids as the main microbial metabolites. 29, 31 This study is the rst to identify 4-HPVA as one of the principal microbial phenolic metabolites following ingestion of a PAC-rich diet. In a previous study, a diet supplemented with procyanidins trimer C 2 and polymer, the investigators were able to detect 3-HPVA in the urine of rats but at a low level. 29 Conjugated forms of phenylvaleric acid has been detected in urine from rats 32 suggesting phenylvaleric acid was absorbed and later conjugated in the liver. Others have reported that CT is degraded mainly to hydroxyphenylvaleric acids when using rat and rabbit microbiota.
29,33 4-HPVA can be further oxidized and form 3,4-diHPPA, 4-HPPA and 4-HBA. PCA is formed by decarboxylation of 3,4-diHPPA and further dehydroxylation will produce 3-HBA and 4-HBA 29 (Fig. 6 ). 4-HBA will then eventually convert to HA while it has been proposed that SA was probably derived from a secondary metabolite pathway. 34 It also has been reported that SA was produced in vitro by the pig gut microbiota. 35 3-HPA is most likely converted from EC and dehydroxylated to phenylacetic acid, as observed in both CT and EC colonic fermentation models using rat colonic microora. 36 Nonetheless, the presence of both parent PACs and microbial-derived metabolites in feces suggest that either of these classes could be providing protective effects on colonic health as these compounds are in contact with the colon epithelial cells. Others have also detected microbial phenolic metabolites in feces, cecal content and colonic tissues, and have suggested these substances are partly responsible for improved gut health following intake of PAC-rich diets.
16
To date, the knowledge of which microbial species are responsible for the bioconversion of phenolic compounds in the human colon is scarce, however a few studies have conrmed that polyphenol rich diets cause a shi in the bacterial populations in the colon. 7, 8, 37 Emerging molecular technologies based on the 16S ribosomal RNA (rRNA), have remodeled the eld of gut microbial ecology. Novel high- throughput diversity approaches, such as barcoded "next generation" sequencing 38 can be a powerful tool to monitor gut community shis induced by polyphenols with greater sensitivity than former ngerprinting methods, such as PCR-DGGE. 39, 40 Moreover, next-generation DNA sequencing allows culture-independent microbiomics methods to determine the gut microbiome.
41,42
Here it was observed that Lachnospiraceae, Unclassied Clostridales, Lactobacillus, and Ruminococcus OTUs increased during GSE intervention period. To our knowledge, this is the rst time that Lachnospiraceae and Ruminococcus are shown to be modulated by polyphenols. Lachnospiraceae and Ruminococcus represent the major butyrate and propionate producers from human fecal samples.
43 Short chain fatty acids are known to play an important role in the colonocytes health since they are absorbed by the host and used as an energy source. In particular, butyrate has been proposed to revert cancer and inammation processes in colonocytes. 44, 45 Therefore, grape seed polyphenols may be able to increase butyrate-producers species and thus modulate colonic health. In previous studies, it was reported that polyphenol rich foods, such as wine and cocoa, could increase Lactibacillus spp. populations. Dolara et al. 2005 demonstrated that rats treated with red wine polyphenols showed higher levels of Lactibacillus spp. 46 Tzounis et al. 2011 found signicant increase in Lactobacillus spp. aer the consumption of high cocoa avanol drink via in vivo and in vitro studies. 37 Moreover, our nding indicates that some taxa were significantly associated with the appearance of phenolic compounds during feeding (Fig. 4) . Protocatechuic acid was highly associated with Bidobacteriaceae and Comamondaceae (r 2 ¼ 0.6732, 0.5887, respectively, p < 0.001). However, other positive correlations between taxa and phenolic acids were observed with weaker associations. Hippuric acid was associated with Halomonadaceae (r 2 ¼ 0.4105, p < 0.001), catechin was correlated with Lentispheria (r 2 ¼ 0.3197, p < 0.01), and syringic acid was associated with Veillonellaceae (r 2 ¼ 0.3417, p < 0.01).
4-Hydroxyphenylvaleric acid, the major PACs metabolite, was positively associated with Deltaproteobacteria, Tremblayales, Fusobacteriaceae and Veillonellaceae (r 2 ¼ 0.1902, 0.1846, 0.1807, 0.1736, respectively, p < 0.05). Future studies examining how these signicantly associated species could break down PACs under gut conditions are thus of interest.
Conclusions
In conclusion, our study shows that in a porcine model, parent PACs oligomers (dimer-pentamer) were only partially metabolized by the gut microbiota, producing phenolic metabolites that are known to be more readily absorbed. Thus the entire gut is exposed to the native PACs as well as the simple metabolites at high levels (>100 mg kg À1 for some individual compounds in feces). The GSE diet also caused bacterial population shis in the GI tract and this change may exert benecial effects on the colon. So, it appears likely that the relationship between dietary PACs and colon health may be attributable to the phenolic compounds or altered bacterial populations. Future studies should attempt to disentangle this interactive system.
